Sustainability studies on microalgae focus on high energy demand in the production process, which frequently leads to a negative energy balance. In doing so, other sustainability aspects, such as land use, carbon, nutrient and water demand, and socio-economic features such as the creation of new jobs and acceptance are neglected. By employing an integrative concept of sustainability, a systematic and holistic evaluation of sustainability is feasible and conflicts between sustainability targets can be discovered. In this article, an appropriate set of sustainability criteria and indicators for microalgae production is presented and preliminary clues are drawn regarding sustainability challenges and conflicts which should be taken into consideration in the further development of technology.
Introduction
Great expectations are placed in microalgae that they can overcome the drawbacks that afflicted the production of first-and second-generation biofuels. This has led them to be called the source of third-generation biofuels. There are good reasons for this. Microalgae cultivation does not require arable land and thus does not trigger land use competition with food crops or deforestation for the creation of more farmland, making climate change worse. Microalgae can convert up to 5 % of the sunlight energy to biomass (Schenk et al. 2008) , which means that land use efficiency is higher than with traditional crops, whose photosynthesis efficiency only ranges between 0.5 and 1 %. However, today's technologies are far from reaching these theoretical yields under real conditions. Life cycle assessment studies have shown that microalgae production employing the current technologies is extremely energy intensive, making it difficult to achieve a positive energy balance (Lardon et al. 2009; Jorquera et al. 2010; Sander, Murthy 2010; Stephenson et al. 2010; Collet et al. 2011) . This is mainly due to the energy demand for mixing, harvesting, dewatering, extracting, and refining the final product. Conceptual and technological advances in reactor design and operation can result in a positive net energy and greenhouse gas balance (see Niels-Henrik Norsker and colleagues in this issue). Further environmental or social aspects are rarely part of technology development and are still considered as an "after-thought" once the technical and economic components of the technology and process design have been completed (Azapagic et al. 2006) . A holistic and integrative sustainability approach is still required for the successful implementation of large-scale microalgae technology. This paper presents criteria and indicators for assessing the sustainability of microalgae products and provides preliminary clues to the sustainability challenges and conflicts along the process chain.
Methodological Approach
Translating the theoretical principles of sustainable development into a set of criteria and indicators for assessing algae-based products is by no means a trivial task because there is no standardized methodology for doing so. The primary challenges of grounding the theoretical framework of sustainability are
• identifying the relevant sustainability criteria and indicators, • handling all principles of sustainability equally, • applying an increased number of decision criteria, and • comparison and trade-off of disparate criteria.
In this paper, the integrative concept of sustainable development (Kopfmüller et al. 2001 ) is taken as normative framework for identifying the sustainability criteria appropriate for microalgae production. This concept has not been specifically developed as an instrument for designing and evaluating technology but refers to the development of society as a whole in the global perspective (Grunwald, Rösch 2011). Nevertheless, it can be applied to develop criteria for assessing the sustainability of microalgae technologies. The concept is based on the three general principles of sustainable de-velopment being the conditions required for sustainability:
• securing human existence, • maintaining society's productive potential, and • preserving society's options for development and action.
The sustainability principles of the concept are listed in table 1. They refer to aspects of human behavior where technology is just one aspect among others and cannot therefore all be used directly for assessing the sustainability of technologies. Causal and potential relationships have to be revealed to find out which principles are relevant to microalgae technology. An analysis of coherence can be accomplished by reviewing libraries and web servers for relevant information in the literature, research articles, press releases, blogs, political acts and laws, certification standards, etc. Scientists involved in technology development and application should not be the only ones to conduct this task. On the contrary, opinions from society -i.e. the opinions of citizens, businessmen, representatives of ecological (Scarlat, Dallemand 2011) . The methodological approach for selecting the relevant sustainability criteria and indicators is illustrated in figure 1 . The identification of criteria for ecological sustainability seems to be rather easy because a number of acknowledged criteria and indicators already exist, such as the energy, carbon, land and water footprints. The selection of one or a few indicators to reflect the criteria is, however, a tricky task. In social science, no consensus has yet emerged on the adequate criteria for social sustainability. The focus has been on personal assets such as consumption, income and employment as well as on institutional issues such as democracy, participation and gender equity. Due respect has to be paid to the importance attributed by various stakeholders to indicators of social sustainability and to the trade-off between social, environmental and economic indicators. The selected indicators have to be functional, robust and directionally safe. The derived indicators are different in quality and are specific to microalgae. They are rarely applicable to the macro-level of societies' social sustainability.
Results
It is not surprising that the relevance of each of the sustainability principles listed in table 1 is quite different for the assessment of microalgae technologies. The significance of some of these principles to microalgae technology is very strong while that of others is weak or there is no direct correlation at all. There is a strong correlation for the principles of securing human existence and maintaining the societal production potential.
In contrast, the principles referring to societal development (see table 1) are less relevant because they refer primarily to a societal task and are related to societal organization, where technology only plays a minor role. In the following, we will briefly describe the sustainability principles that we consider relevant for assessing the sustainability of microalgae technology.
Microalgae and Human Existence
Microalgae technology can contribute to securing human existence because it can meet basic needs and contribute to human health and autonomous self-support (see table 2). Positive effects on human health can be achieved by substituting microalgae-based products for fossil fuel-based ones. No energy balance has yet been reached and the process could have a negative impact, e.g. by the demand for fossil fuels for microalgae production, as well as the use of toxic substances for reactor cleaning and the extraction of lipids or high-value substances from the cells (Halim et al. 2012) . The risk to human health from microalgae is less than that from the land-based production of biomass because the closed production of the former allows for the controlled use, recycling and disposal of chemicals. Ecosystem services such as the recycling of carbon dioxide (Pires et al. 2012 ) and the nutrient removal from and phytoremediation of waste water provided by microalgae can have a positive influence on human health (Rawat et al. 2011) . Microalgae can contribute to satisfying the need for food and energy in several ways. They are a commercial dietary supplement for humans in industrialized countries and a nutrient complement to combat the malnutrition in developing countries that a large part of the world population is still suffering from (see Christophe Hug et al. in this issue). They can also add to the food supply by providing feed supplements for aquaculture and feedstock (see Robin J. Shields et al. in this issue). The perspectives for using algal proteins in animal feed production are promising since protein is quite often the limiting ingredient in the large and growing market for animal feed. Microalgae can also help to meet the demand for renewable energy in manifold ways due to their ability to produce different energy carriers, such as biofuels, methane or hydrogen for transportation, assuming that a significant net energy yield can be achieved. The demand for food, feed and energy can be satisfied simultaneously in microalgae biorefineries (Mussgnug et al. 2010) .
The criteria of socio-economic sustainability selected to illustrate autonomous self-support are employment and income (see table 2 ). In industrialized countries, employment depends mainly on the implementation of innovative high-level technologies. Many of the business models used in the algae industry, specifically those developed in Germany, are based on high technology and are supposed to create new "green collar" jobs providing employment for different specialists, such as scientists, engineers, and technicians, along the supply chain starting from research and development to manufacturing, operation, marketing, and sustainability monitoring. The algae industry can support local employment because the plants are designed for decentralized production, preferably based on the use of local nutrient streams. The premise behind the idea that the algae industry can create new jobs is the development of new markets for high-value products or a distinct reduction in production costs so that algal products can compete with and replace conventional products.
Microalgae and the Societal Production Potential
Microalgae can contribute to the sustainable use of renewable or non-renewable resources and of the environment as a sink. They thus have a strong relationship with the sustainability principles referring to the preservation of the societal production potential (see table 1 ). As already mentioned, microalgae can contribute to the supply of food, feed and energy, but techno-economic challenges need to be overcome to exploit this potential. Technological development in cultivation and downstream processing will lower the overall energy demand, yet achieving net energy production remains a challenge (Morweiser et al. 2010) . Providing that this can be achieved, algal products can contribute to extending the availability of fossil fuel resources by replacing some uses of non-renewable resources and contributing to a reliable decentralized supply of energy. The amount that algal biofuels can contribute to the final energy consumption in the global transport sector is estimated to be significant (Harmelen, Oonk 2006; Skarka et al. 2011) . The resource phosphate is essential to all known forms of life. It is a limited resource that cannot be replaced. Around 70 % of global phosphate production is currently produced from phosphate rock reserves, which will peak at the current rate of consumption in 30 to 50 years and will be depleted within 100 years (Copper et al. 2011) . The future supply of phosphorus will be increasingly insecure and reliant on a handful of countries unless additional sources can be accessed or phosphorus recycling can be increased significantly. The main part of the global phosphate production is used in agricultural production, and microalgae also need large amounts of phosphate to achieve a high productivity. Nutritious waste streams can be used for algae cultivation, and part of the phosphates used for algae growth can be recycled subject to the processes applied downstream and the product range (Rösch et al. 2012) . Even microalgae production systems with no additional demand for phosphates are possible if waste water is employed and the nutrients from the anaerobic digestion of the oil-free algal residues are recycled (Lundquist et al. 2010) .
The resource water is indispensable for microalgae cultivation. The quality and amount of water needed is determined by the water requirements of the specific algal species, e.g. their ability to grow in saline or waste water, and by the cultivation technology (open ponds or closed reactors). Since microalgae production systems are designed to approach profitability by achieving a high yield of lipids, generating high-value coproducts and being very productive, the use of waste water poses a great challenge that has hardly been investigated. The primary issue is that waste water carries algae that entail the development of mixed cultures consisting of different algal species. The use of salt water is limited to marine algae, and in open ponds fresh water is needed in the summer to prevent evaporation from creating excessive salt concentrations (Klöck 2010) . For this reason, algae cultivation in open ponds can stress local water resources in warm climates and arid areas. The water demand in photobioreactors is generally lower than in open ponds. Cultivation water can be recycled, but currently no commercially viable concepts for large-scale water cleaning and recycling are available (Amer et al. 2011) . In contrast to ponds, closed reactors need additional water for reactor cleaning and, depending on the technology used for temperature control in the summer, also for reactor cooling.
Arable land is an increasingly scarce resource facing a worldwide growing demand for food and biofuels and also land for settlement and traffic. As a result, agricultural production has been intensified, with negative consequences for sustainable land use. Cropland has been expanded at the cost of natural ecosystems, such as rainforests, and of the climate because these changes in land use result in large amounts of soil-bound carbon being released. Microalgae can contribute to sustainable land use as they can be cultivated on non-arable or marginal land without any changes in soil-related land use, and can achieve a high productivity and land use efficiency. Since there is a direct link between land use and biodiversity, microalgae can relieve the pressure on biodiversity by replacing biofuel production based on crops grown on arable or deforested land. Largescale microalgae cultivation could albeit disrupt the character of the landscape and change the natural habitat of native wildlife (Klöck 2010 ). Another negative effect on local biodiversity could result from the demand for water for microalgae cultivation and from the release of emissions during the processing of microalgae (Goedkoop et al. 2009 ). By replacing the proportion of fish feed in aquaculture farms that rely on raw materials from capture fisheries (see Robin J. Shields et al. in this issue), microalgae cultivation can also contribute to the preservation of marine biodiversity.
The environment acts as a great sink for the redistribution, storage, processing, and absorption of human made wastes in the form of air emissions, soil and water discharges. The greatest challenge today with regard to ecological sink capacities is the increase in greenhouse gas emissions. One alternative is the creation of carbon sinks, e.g. by an increase in the amount of carbon fixed by photosynthesis. Ocean fertilization to enhance the growth of marine algae is one geoengineering approach to tackling climate change. Iron fertilization of otherwise nutrient-rich but iron-deficient blue ocean water can enhance algae growth. This can capture increased amounts of CO 2 , which is in turn sequestered as the algae sinks to the sea ground. Little is known about the potential impact on ocean ecosystems, making the idea quite controversial. In contrast, there is agreement on the use of flue gases from power and industrial plants as a source of carbon for microalgae cultivation. The CO 2 uptake of microalgae plants is limited compared with the flue gas emissions from large power plants, and a positive greenhouse gas balance must be achieved before net savings can be claimed. Using current technologies, the European biofuel standardization requiring a greenhouse gas reduction of at least 35 % today and 60 % in 2018 cannot be realized, but the co-production of high-value algal products could reduce emissions by replacing conventional products that have even higher greenhouse gas emissions.
The environmental sink capacities can also be stressed by the fertilizer and pesticides released by cropping energy plants, leading to the contamination of groundwater and surface water. In contrast, fertilization in microalgae cultivation is performed in closed systems, and no nutrients are released into the environment. Moreover, algae can serve as a bioremediation agent for waste water cleaning. If microalgae or algal residues are used as feedstock at a biogas plant, the application of the fermentation residues can lead to nutrients leaching into surface and ground water. Since undesirable organisms, such as bacteria and wild algae, can grow in open ponds too, the application of pesticides over large areas could have an indirect effect on groundwater quality (Klöck 2010) .
All technologies can result in unintended consequences and even risks to humans and nature. Some of them disappear, some develop into problems that can be handled, and a few have severe negative impacts, creating a lack of social acceptance. The acceptability of uncertainties and risks from technologies is related on the one hand to the benefits and on the other hand to the probability of an occurrence and the potential damage to humans and nature and the possibilities to limit the damage locally. The introduction of non-native algal species can pose a potential risk to the environment and marine biodiversity because the release of microalgae can have negative ecological flow-on effects such as altering food (Scholin et al. 2000) , displacing native phytoplankton, causing local extinctions, and having serious societal effects (Backer et al. 2001) . For the import and use of microalgae as live food for aquaculture and research only poorly regulated mechanisms exist (Campbell 2011). Genetic engineering of designer algae is not inherently associated with risks to ecosystems because these algae might not be robust and competitive enough to disseminate under natural conditions. Algae technology is a nascent industry with limited physical, human and knowledge resources compared to long-standing fields of technology. In the last few years, more capital has been invested to push research and development and to generate knowledge and innovation capacities. Some academic institutes have set up dedicated algae research centres, and venture capital money has been raised for algae research in the USA. 
Microalgae and Societal Development
Participation in social decision-making processes is important for the preservation of societal development and action potential, but this only affects the design of technologies which might be used for participation and is thus not applicable to microalgae technology. Since microalgae can contribute to satisfying essential human needs in the future, different members of society are interested in the development of microalgae technology. The participation of society in this development could be improved by involving people in decision-making processes on research programs and public expenditures for research, development and demonstration (RDD), but also in finding suitable locations for microalgae production plants. 
Conclusion
The integrative concept of sustainable development has been shown to provide an overall framework to carry out comprehensive and comparative assessments of sustainability. With regard to their applicability to microalgae technologies, 15 substantial principles of sustainable development have been identified as relevant and 22 sustainability criteria and indictors have been selected for assessing sustainability. Not surprisingly, the majority of the selected criteria refer to the satisfaction of basic human needs and maintenance of the societal production potential. Social aspects, such as participation in decision making, e.g. on the allocation of public funds for research, development and demonstration and on determining site locations, are not under discussion yet, but could become a topic in the future. The enlargement of the criteria for assessing sustainability beyond the energy and greenhouse gas balance and the addition of further indicators resulting from comparative life cycle analysis would aggravate the problem of running into conflicts between sustainability criteria and the incommensurability of many criteria. For example, the use of waste water can reduce the demand for non-renewable nutrients for microalgae cultivation, but it has drawbacks with regard to the economic indicators and acceptance that might limit market access for high-value algal products. The integration of quantitative and qualitative results from different indicators is a prime challenge to being able to provide guidance for decision making about sustainability issues in microalgae technologies. Classical instruments such as life cycle assessment can help to aggregate results, but are by no means sufficient to handle the broad range of sustainability indicators even if they are further developed to meet social sustainability criteria such as consequential or social life cycle analysis. Since the impact of microalgae production strongly depends on the local conditions, especially the availability of sun, land, water, CO 2 from flue gases, nutritious waste streams and of course infrastructure, regional assessments of the natural and human-made conditions of locations are required. This cannot be accomplished by life cycle analysis either.
A big advantage of applying the holistic sustainability concept to technology assessment is the ability to identify possible conflicts at an early stage. For example, the idea to use waste streams such as flue gases and waste water to produce highly specified and high-value coproducts is a contradiction. Qualitative procedures of deliberation for "soft" criteria of sustainability and for the consideration of conflicting objectives are necessary. The concept introduced in this paper does not solve these methodological issues, but provides a well-founded analytical framework for further improving the criteria for evaluating technology in a transparent and reliable manner. 
